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ABSTRACT: Human dopamine transporter (hDAT) regulates the
reuptake of extracellular dopamine (DA) and is an essential
therapeutic target for central nervous system (CNS) diseases. The
allosteric modulation of hDAT has been identified for decades.
However, the molecular mechanism underlying the transportation
is still elusive, which hinders the rational design of allosteric
modulators against hDAT. Here, a systematic structure-based
method was performed to explore allosteric sites on hDAT in
inward-open (IO) conformation and to screen compounds with
allosteric affinity. First, the model of the hDAT structure was
constructed based on the recently reported Cryo-EM structure of
the human serotonin transporter (hSERT) and Gaussian-
accelerated molecular dynamics (GaMD) simulation was further utilized for the identification of intermediate energetic stable
states of the transporter. Then, with the potential druggable allosteric site on hDAT in IO conformation, virtual screening of seven
enamine chemical libraries (∼440,000 compounds) was processed, resulting in 10 compounds being purchased for in vitro assay and
with Z1078601926 discovered to allosterically inhibit hDAT (IC50 = 0.527 [0.284; 0.988] μM) when nomifensine was introduced as
an orthosteric ligand. Finally, the synergistic effect underlying the allosteric inhibition of hDAT by Z1078601926 and nomifensine
was explored using additional GaMD simulation and postbinding free energy analysis. The hit compound discovered in this work not
only provides a good starting point for lead optimization but also demonstrates the usability of the method for the structure-based
discovery of novel allosteric modulators of other therapeutic targets.

■ INTRODUCTION
Dopamine transporter (DAT) is a member of the solute carrier
6 (SLC6) family belonging to the larger family of neuro-
transmitter sodium symporters (NSSs).1 DAT functions by
recycling dopamine (DA) from the synaptic cleft into
presynaptic neurons, which reduces the activity in the
dopaminergic system.2 The dysregulation of DAT is
considered to be related to psychiatric disorders such as
depression, attention deficit hyperactivity disorder (ADHD),
and Parkinson’s disease (PD).3,4 Moreover, drug abuse of
cocaine and methamphetamine, which is a widely concerned
issue of public health, is also caused by the dysfunction of
DAT.5 Therefore, DAT is regarded as an essential therapeutic
target of central nervous system (CNS) diseases.6

Nowadays, the structural knowledge of DAT is still based on
the studies of homogeneous NSSs including leucine trans-
porter (LeuT),7 Drosophila melanogaster dopamine transporter
(dDAT),8 and human serotonin transporter (hSERT).9

Resembling the first published NSS structure of LeuT,7 DAT
is composed of 12 α-helical transmembrane domains (TMs)
connected by intracellular and extracellular loops (ILs and
ELs), and 10 TMs (TM1−TM5 and TM6−TM10) are
organized into two inverted-topological repeats. DAT binds
DA or other neurotransmitters in the primary substrate

binding site (S1), also defined as the orthosteric site.10 A
circulation of conformational alterations exists in the process of
DA’s translocation, including outward-open (OO), occluded
(OC), and inward-open (IO) conformations.11

The conventional drugs targeting DAT, such as dopamine
reuptake inhibitor (DRI), act as competitive inhibitors, which
occupy the orthosteric site.8,12,13 The allosteric modulation of
hDAT has been identified for decades,14 and recently the
allosteric (S2) site near the orthosteric one has also been
identified in DAT15 and other NSSs, including LeuT16 and
serotonin transporter (SERT),17−19 which is mainly located at
the periphery of the ELs region.20 Nevertheless, allosteric sites
are generally less conservative and could exist among a vast
range of residues, which makes allosteric drug discovery of
DAT both promising and cryptic work.10,12
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The present study aims to explore alternative allosteric
binding sites of human DAT (hDAT), especially in a certain
conformational state of hDAT and with orthosteric substrate
binding. Based on the crystal structure of hSERT, a homology
model of the DA-bound hDAT in IO conformation was
constructed and optimized by Gaussian-accelerated molecular

dynamics (GaMD) simulation. The equilibrium state of the
model was characterized through free energy landscape
analysis of potentials of mean force (PMF). A new druggable
allosteric site located at the intracellular domain was identified
and used for virtual screening and in vitro assay, resulting in the
discovery of the compound Z1078601926 as a novel allosteric

Figure 1. Brief workflow describes the structure-based discovery of a novel allosteric inhibitor against hDAT. First, a model of hDAT in IO
conformation was constructed by MODELLER using hSERT (PDB ID: 6ZZD) as a template and submitted for optimization by MD simulations.
Then, two-dimensional (2D)-PMF and clustering analysis were used to characterize the stable IO conformation of hDAT. The allosteric sites were
predicted by SiteMap and used for Glide virtual screening of the enamine chemical library (∼440,000 compounds). Finally, through chemical
similarity analysis, 10 compounds with diverse scaffolds were selected from the 25 top-ranking compounds and purchased for in vitro inhibition
assay.

Figure 2. Structure and free energy landscape of DA in complex with IO hDAT. (A) 2D potential of mean force (PMF) profile of DA in complex
with IO hDAT, regarding the distances between the Cβ of Phe76-the Cγ of Asp79 and the Cγ of Asp79-the N1 of DA. Two energetic wells were
centered at (6.0, 9.1 Å) and (6.3, 4.7 Å). (B) Representative snapshot of the complex in the low-energy well (left) and the binding mode between
DA and hDAT.
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inhibitor of hDAT. The molecular mechanism underlying the
allosteric inhibition of hDAT by Z1078601926 was also
elucidated using MD simulation.

■ RESULTS AND DISCUSSION
The IO conformation is an essential state for hDAT to
reuptake DA from the synaptic cleft into presynaptic
neurons.21 Currently, no structure of hDAT in the IO state
or inhibitors targeting the conformation has been reported.
Here, the structure-based strategy (Figure 1) was proposed to
identify novel allosteric inhibitors against hDAT in IO
conformation.
Intermediate Stable State of hDAT (IO) Revealed by

GaMD. The initial structure of hDAT in IO conformation was
first constructed by MODELLER,22 where the Cryo-EM
structure of hSERT in the same conformation (PDB ID:
6DZZ9) was chosen as the template. The structure with the
best performance in protein geometry was selected as the
model of hDAT (Table S3). Then, Na+ and Cl− ions were
fitted into the corresponding binding sites of hDAT and with
DA docked into the S1 site through an induced fit method.23

To explore the intermediate stable state of hDAT in IO
conformation, 2 μs of all-atom GaMD simulation in an explicit
membrane environment was implemented, which boosted
both the dihedral and total potential energy of the system to
increase the flexibility of conformational shifting in the
simulation.24 Finally, two-dimensional PMF was calculated to
illustrate the free energy landscape of the system, of which the
regarded distance of residue/ligand pairs was set as Phe76−
Asp79 and Asp79−DA (Figure 2). These two residues at TM1
of hDAT relate to the substrate binding of the S1 site and the
conformational change from OO to IO. The DA binding to the
orthosteric site was confined in two energy wells (Figure 2A),
which were centered at (6.0, 9.1 Å) and (6.3, 4.7 Å),
respectively. This suggests that equilibrium states of S1 site
substrate binding exist in potentially two substates (Figures 2
and S1). The structure cluster of the well at (6.0, 9.1 Å) was

determined by the near-native conformation (Figure 2B) and
extracted for further allosteric study.
Allosteric Site Prediction and Virtual Screening. The

potential allosteric sites on the energetic stable IO state of
hDAT were detected by SiteMap.25 The properties of the top
five druggable sites are listed in Table S1 and their locations
are shown in Figure S2. Four sites these sites were located in
the intracellular region and one site was situated in the
extracellular region. All of the predicted sites performed with
both SiteScore and Dscore above 0.9 and diversity in
hydrophobicity and hydrophilicity (Table S1). To investigate
the potential drug binding to hDAT in IO conformation, the
overall best-scoring intracellular site (Figure 3A) was used for
defining the docking grid box. Also, ∼440,000 compounds
from seven enamine libraries were subjected to Glide virtual
screening workflow (VSW). Twenty-five top-ranking com-
pounds with better binding modes and docking scores were
selected for hierarchical clustering analysis based on 2D
fingerprints.26 As a result, 10 compounds with diverse scaffolds
(Table S2) were purchased for further in vitro assay.
Using Z1078601926 (Figure 3B) with allosteric inhibition

activity (see “In Vitro Assay of Allosteric Inhibition” section
below) as an example, the docking result showed that the
compound binds to the pocket formed by residues Glu117,
Lys133, Lys139, Val141, Gly142, Val145, Gly325, Ile330,
Thr431, Gly432, Asp435, Glu436, and Phe437, where key
interactions occurred between the nitrogen in the pyrrolidine
ring of Z1078601926 and both of the oxygens in carboxylic
acid of Glu117 and Glu436 (Figure 3C).

In Vitro Assay of Allosteric Inhibition. In this study,
dose−response dopamine reuptake inhibition assay was
realized by the reagent of Neurotransmitter Transporter
Uptake Assay Kit, which mimics DA and acts as a fluorescent
indicator.27,28 Stably transfected HEK293T cells expressing
hDAT confirmed by quantitative real-time polymerase chain
reaction (PCR) were used for the assay (Figure S3).

Figure 3. Allosteric binding site, chemical structure, and the predicted binding mode of compound Z1078601926 in hDAT. (A) Allosteric binding
site on hDAT used for virtual screening. (B) Chemical structure of Z1078601926. (C) Docking pose of Z1078601926 (orange, stick) in the
allosteric site. The polar interactions with residues (blue, line) of Glu117 and Glu490 in the site are shown in red dashed lines.
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First, to examine the reuptake efficiency of hDAT with
ligand bound, the dopamine reuptake inhibitor (DRI)
nomifensine that selectively binds at the orthosteric site was
introduced into the assay, resulting in the maximum uptake
inhibition of 95% and IC50 of 31.01[15.50; 104.9] nM
demonstrated by the relative fluorescence intensity (Figure
4A), which is similar to the literature record and validated the
method.29

Then, to test the allosteric modulation of 10 purchased
compounds at a concentration of 10 nM, the orthosteric ligand
nomifensine was introduced into the assay with a concen-
tration of its IC50, which refers to a certain orthosteric
inhibition and helps to identify whether the ligand present
positively or negatively in allosteric modulation.30 Among the
tested compounds, Z1078601926 displayed a further inhibition
against dopamine reuptake, and the concentration-gradient
assay resulted in about 50% of maximum uptake inhibition by
the reduction of relative fluorescence unit (RFU) (IC50 =
0.527 [0.284; 0.988] μM, Figure 4B). Meanwhile, the result
suggests that Z1078601926 partially enhanced the inhibition
against hDAT, reaching a total uptake inhibition of 75%, with

50% of background inhibition contributed by nomifensine
revealed by the starting point of the assay compared with the
assay of nomifensine solely. In addition, an assay with a
concentration gradient of Z1078601926 without nomifensine
revealed that the compound resulted in a slight RFU reduction
and had no obvious inhibition activity (Figure 4C), which
implies the synergistic effect between Z1078601926 and
nomifensine that selectively binds to the allosteric and
orthosteric sites of hDAT, respectively.
Finally, a reverse dose−response assay of nomifensine with

Z1078601926 presented in IC50 concentration was imple-
mented, where the decreased value of the IC50 (24.21 [11.67;
99.10] nM) from the RFU data suggests that the presence of
Z1078601926 enhances the inhibition efficacy nomifensine,
which further demonstrates their synergistic inhibition effect
on hDAT (Figure 4D).
These results suggest that the synergistic effect between

nomifensine and Z1078601926 enhances their inhibition
efficiency against hDAT to a certain degree. Meanwhile, the
inhibition of Z1078601926 to hDAT is not as significant as
that of nomifensine. Nevertheless, the two compounds worked

Figure 4. Inhibition assay by neurotransmitter transporter uptake assay kit. (A) Inhibition assay of nomifensine. Monoamines reuptake volume was
depicted as the area under the curve of relative fluorescence unit (RFU). (B) Thirty-one nanomolar nomifensine was previously added for the
allosteric inhibition assay of Z1078601926 in hDAT. (C) Inhibition assay with Z1078601926 introduced presented no obvious orthosteric
inhibition on hDAT implied by the slight RFU reduction. (D) Z1078601926 (0.527 μM) was previously added for the orthosteric inhibition assay
of nomifensine in hDAT.

Table 1. Estimated MM/GBSA Binding Free Energies (ΔGMM/GBSA, kcal mol−1) and Inhibition Activity (IC50) of Z1078601926
and Nomifensine to hDAT

system ΔEelea ΔEvdWb ΔGpol
c ΔGnonpol

d ΔGMM/GBSA
e IC50

f

Z1078601926-hDAT −146.46 −29.66 155.24 −3.29 −24.18 ± 4.21 g

Z1078601926-hDAT (nomifensine bound) −112.31 −35.91 125.67 −3.33 −25.88 ± 3.12 0.527 [0.284; 0.988]h μM
nomifensine-hDAT −62.06 −33.25 67.27 −3.04 −31.08 ± 2.69 31.01 [15.50; 104.9] nM
nomifensine-hDAT (Z1078601926 bound) −50.98 −34.64 56.48 −3.02 −32.16 ± 2.36 24.21 [11.67; 99.10] nM

aThe electrostatic interaction energy (ΔEele) in the gas phase. bThe van der Waals interaction energy (ΔEvdW) in the gas phase. cThe free energy of
polar solvation (ΔGpol).

dThe free energy of nonpolar solvation (ΔGnonpol).
eThe total binding free energy, ΔGMM/GBSA = ΔEele + ΔEvdW + ΔGpol +

ΔGnonpol.
fThe inhibition activity against dopamine reuptake and the concentration-gradient assay resulted in about 50% of maximum uptake

inhibition by the reduction of relative fluorescence unit (RFU). gThe compound resulted in a slight RFU reduction and no obvious inhibition
activity. hThe assay was repeated three times and the 95% confidence interval standard deviation of IC50.
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as an allostery pattern targeting hDAT in an inward-open
conformation, which could be regarded as a good starting
point for further research studies on the allosteric modulator of
hDAT.
Mechanism of the Allosteric Inhibition of hDAT by

Z1078601926. To understand the molecular mechanism
underlying the allosteric inhibition of hDAT by Z1078601926
when nomifensine was introduced, three additional simulation
systems (hDAT complexed with Z1078601926 and nomifen-
sine simultaneously, hDAT complexed with only
Z1078601926 or nomifensine) were designed and submitted
for 1 μs GaMD run. Based on the MD trajectories, the
estimated binding free energies (ΔGcalc) of Z1078601926 to
hDAT with or without nomifensine existing at the orthosteric
site were −24.18 and −25.88 kcal mol−1 (Table 1),
respectively. The ΔGcalc indicated that Z1078601926 had a
higher affinity to hDAT when nomifensine occupied the
orthosteric site, which was consistent with the experimental
inhibition activities. Meanwhile, the ΔGcalc of nomifensine to
hDAT was −31.08 kcal mol−1, which had a relatively low
binding affinity to hDAT compared with that of nomifensine
bound to hDAT when Z1078601926 presented (−32.16 kcal
mol−1), which demonstrated the effects of the newly
discovered allosteric inhibitor.
In addition, the important residues (the absolute energy

contribution ≥ 0.5 kcal mol−1) located at the allosteric site of
hDAT contributing to the Z1078601926 binding in both
systems were identified through per-residue energy decom-
position analysis (Figure 5A). The distribution of the
important residues indicated that Z1078601926 had a similar
binding mechanism to the allosteric site of hDAT in the two
simulation systems (Figure 5A), which shared four common
residues (Val145, Gly327, Glu436, and Glu490). To verify the

binding mode of the compound, in silico alanine scanning of
Val145Ala, Glu436Ala, and Glu490Ala was conducted. As a
result, the calculated binding free energy difference (ΔΔGcalc =
ΔGmut − ΔGwt) between the mutant (mut) and wild-type (wt)
complexes were 1.16, 0.96, and 4.53 kcal mol−1 for Val145Ala,
Glu436Ala, and Glu490Ala complexes, respectively, demon-
strating that those residues play an essential role in recognition
and binding of Z1078601926 to hDAT. It was noted that in
silico alanine scanning of Gly327 was not carried out herein;
this is because the size of Gly is the smallest among the 20
natural amino acids, and the method only works on the
mutation of residues with a size larger than that of alanine.31

Moreover, the binding modes of Z1078601926 in hDAT
with or without nomifensine bound are shown in Figure 5B,C,
respectively, and with the identified important residues
mapped on the pocket. Compared to hDAT in complex with
Z1078601926 alone (Figure 5B), nomifensine binding at the
orthosteric site induced the conformational change of
Z1078601926 at the allosteric site (Figure 5C), leading to
the pocket reshaping, which is clearly demonstrated by the
unique residues identified in each complex (Figure 5A).
Therefore, it is proposed that the synergistic effect between
Z1078601926 and nomifensine is the major mechanism of the
observed allosteric inhibition of hDAT by Z1078601926,
which should be further validated by experimental analysis
such as structural biology study.

■ CONCLUSIONS
In this study, the intermediate stable state of hDAT presented
in the IO conformation was first characterized by GaMD
simulation and free energy landscape analysis. Then, a
druggable allosteric site was identified in the intracellular
region of the transporter and used for virtual screening. Further

Figure 5. Structure and energy profiles of Z1078601926 bound to the allosteric site of hDAT with or without nomifensine located at the
orthosteric site. (A) Energies of residues in hDAT contribute to the binding of Z1078601926. (B, C) Binding mode between hDAT and
Z1078601926. hDAT and Z1078601926 are displayed as cartoon and stick representations, respectively. Only the important residues (the absolute
energy contribution ≥ 0.5 kcal mol−1) were labeled. The hydrogen bond is shown in the red dashed line.
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in vitro assay identified Z1078601926, one of the test
compounds showed allosteric inhibition of hDAT (IC50 =
0.527 [0.284; 0.988] μM) when nomifensine was introduced
as an orthosteric ligand. In addition, a synergistic effect for the
allosteric inhibition of hDAT by Z1078601926 and nomifen-
sine was explored by GaMD simulations of two designed
systems postbinding free energies analysis, which could be
further investigated. Moreover, the predicted model of
Z1078601926 in complex with hDAT and identified the key
residues (Val145, Gly327, Glu436, and Glu490) contribute to
the fact that compound binding could provide an important
starting point for allosteric lead compound optimization.

■ MATERIALS AND METHODS
System Preparation. Homology Modeling. Since no

crystal structure of hDAT has been resolved so far, homology
modeling was utilized to generate the structural model of
inward-open (IO) hDAT, of which the template was derived
from the Cryo-EM structure of hSERT (PDB ID: 6DZZ).9

The hSERT structure was modified by the Protein Preparation
Wizard tool in Schrödinger.32 The alignment of hDAT
(Uniprot entry: Q01959) and hSERT amino acid sequences
was implemented by UCSF Chimera,33 and homology models
of hDAT were built by MODELLER.22 The 5 high-scoring
models were evaluated by MolProbity,34 and the best one
performing in protein geometry was selected. Moreover, the
functional Na+/Cl− pair in IO hDAT was manually fit into the
ion-binding sites of hDAT through the align module in
PyMOL.

Orthosteric Ligand Docking. The 3D structure of
dopamine was obtained from PubChem (PubChem CID:
681), and LigPrep with the OPLS3 force field was utilized to
minimize the DA structure. In addition, the ionized state of DA
was realized by Epik at a pH value of 7.0 ± 2.0 for docking.35

Glide-induced fit docking (IFD) was processed to dock DA
into the S1 site. The centroid was defined by the residues
related to the S1 site binding recorded by previous studies with
the OPLS3 force field.36 The reasonable pose of DA binding
was selected, compared with the orientation of escitalopram in
the hSERT structure.37

Construction of Protein−Ligand/Membrane Systems. The
prepared complex structure was pre-oriented in OPM38 and
inserted into an explicit POPC lipid bilayer with ∼185 lipids by
means of a membrane builder module in CHARMM-GUI.39

The TIP3P water of 40 Å thickness was placed above and
below the constructed bilayer, and the Na+ and Cl−
counterions were used to neutralize the systems at an
environmental salt concentration of 0.15 M, resulting in the
whole system forming a periodic cell (90 Å × 90 Å × 120 Å)
containing ∼83,000 atoms.

Force Field Parameters. LEaP was used to assign force field
parameters for each partner of the complex, and the hDAT
protein, POPC lipids, Na+ and Cl− ions, and TIP3P waters
were described using AMBER ff14SB,40 Lipid14,41 and
monovalent ion parameters for TIP3P water, respectively.
AMBER force field 2 (GAFF2) parameter42 sets for the ligands
(DA, nomifensine, and Z1078601926) and the partial charges
were derived from RESP calculation using an HF/6-31G*
electrostatic potential calculated by Gaussian09.
Molecular Dynamics Simulations. In this work, four

systems (DA-hDAT, nomifensine-hDAT, Z1078601926-
hDAT, and nomifensine-Z1078601926-hDAT) were prepared

and subjected to MD simulations with a GPU-accelerated
version of AMBER18.

Conventional Molecular Dynamics Simulation. To
eliminate bad contacts between the solute and solvent water
molecules in the system, energy minimization and equilibration
simulations were accomplished in three sections before
production simulation. First, energy minimization was adopted
to apply a harmonic restraint on the lipid and the solute atom
(force constant = 10 kcal mol−1 Å−2), and then the entire
system was minimized for 10,000 steps followed by energy
minimization of 5000 steps using the Steepest Descent
algorithm and the conjugate gradient method. Second, a
two-step equilibration was performed, each system was heated
from 0 K to approximately 100 K and then gradually to 310 K
with the protein and lipid restrained over 100 ps in the NVT
ensembles. Then, all the simulated complexes were repeated
for 10 times unconstrained NPT dynamics (5 ns) at 310 K and
1 atm. Finally, a 100 ns MD production simulation was
performed for each complex with a durations in the NPT
ensemble at 310 K and 1 atm using the periodic boundary
condition, where the temperature and pressure were
maintained using a Langevin thermostat and a Monte Carlo
barostat, respectively. Electrostatic interactions with a distance
cutoff of 10 Å were calculated using the Particle-Mesh Ewald
(PME) method. The SHAKE algorithm was used to keep all-
bonds constraints, and the time step was set as 2.0 fs.43

Gaussian-Accelerated Molecular Dynamics Simulation.
GaMD is a biomolecular enhanced sampling method that
works by adding a harmonic boost potential to smoothen the
system potential energy surface. The boost potential
introduced into the system follows a Gaussian distribution,
which allows for accurate reweighting using cumulant
expansion of the second order.
The basic detailed theory of GaMD was described in a

previously published study.24 Briefly, for a system with N
atoms at positions , the system energy V(γ) is
modified by adding a potential ΔV whenever it is below a
threshold energy E, which is defined as

* = +V V V( ) ( ) (1)
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where k is the harmonic force constant, and in this simulation,
two adjustable parameters were set as k = 1 and E = Vmax.
For each system, the initial structure of the whole GaMD

simulation was derived from the ultimate structure of cMD
simulation, and relative long continuous GaMD simulations
were performed for DA-hDAT, nomifensine-hDAT,
Z1078601926-hDAT, and nomifensine-Z1078601926-hDAT,
where both dihedral and total potential energy was boosted.
All MD simulations were performed on a GPU-accelerated

version of AMBER18.
Free Energy Landscape Analysis and Structure

Clustering. CPPTRAJ44 was used to analyze the trajectories
of GaMD simulations, where distances between the precise
atoms in residue pairs were calculated, including the Cβ of
Phe76-the Cγ of Asp79 and the Cγ of Asp79-the N1 of DA.
PyReweighting45 provides algorithms of exponential average,
Maclaurin series, and cumulant expansion for reweighting the
GaMD simulation, and cumulant expansion was chosen for the
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energetic reweighting of the energy landscape, where the
boosted energy was sampled every 5000 steps. Two-dimen-
sional PMF profiles regarding the distances of two atom pairs
were drawn, with the cutoff set to 10 frames. The clustering of
trajectory frames was realized by CPPTRAJ implemented with
the DBSCAN algorithm.
Allosteric Site Prediction. SiteMap was utilized to predict

the potential allosteric pocket on hDAT in IO conformation,
which operates in a manner similar to Goodford’s GRID
algorithm but employs a unique definition of hydrophobicity.25

The representative hDAT protein−ligand structure was
prepared by the Protein Preparation Wizard tool in
Schrödinger.32 The total process of SiteMap was run in three
stages. First, relevant site points are selected based on
geometric and energetic properties, and the points are grouped
into sets to define the sites. Second, hydrophobic, hydrophilic,
and other key properties are computed at grid points and
contour maps are prepared. Finally, site properties such as
SiteScore and Dscore are computed. The site searching region
was set in whole protein, and the minimum grid number was
constrained to 15 with stricter hydrophobic and hydrophilic
assays.46

Virtual Screening and Cheminformatic Analysis.
Seven enamine chemical libraries containing ∼440,000
molecules were selected for Glide virtual screening,47 where
all of the compounds were prepared by the LigPrep program,
and all compounds were processed through generating
tautomers, stereoisomers, and ionization states by Epik35

under the condition of 7.0 ± 2.0 pH value with the OPLS3
force field.48

Screening of the libraries was processed via docking into the
grid of the site defined by SiteMap, undergoing HTVS, SP, and
XP segments, where 10% of the top-scoring molecules were
maintained. The result sets were further filtered by the Prime
MM-GBSA method. The top-ranking molecules were clustered
by chemical similarity in Canvas.49

MM/GBSA Binding Free Energy. The molecular
mechanics/generalized born surface area (MM/GBSA)
method was utilized to calculate the binding free energy
(ΔGcalc) of Z1078601926 and nomifensine to hDAT.50−55 The
calculation followed the equation below

= + + +G E E G Gcalc vdW ele pol nonpol (3)

For each term, ΔEvdW refers to the van der Waals energies and
ΔEele refers to the electrostatic interaction energies in the gas
phase. ΔGpol and ΔGnonpol represent the polar and nonpolar
solvation energies, respectively.
In Silico Alanine Scanning. In silico alanine scanning

study includes two steps. First, mutated snapshots were
generated based on the simulation trajectory by truncating
the selected mutation residue at Cγ and by replacing Cγ with a
hydrogen atom.31 Then, the binding free energy difference
(ΔΔGcalc = ΔGmut − ΔGwt) between the wild-type (wt) and
mutant (mut) complexes is calculated. ΔGmut and ΔGwt refer
to the MM/GBSA binding free energy of the mut and wt
complexes, respectively.
Cell Culture and Transfection. HEK293T cells were

maintained in DMEM (4.5 g L−1 glucose), supplemented with
10% fetal bovine serum (FBS) at 37 °C with 5% CO2. Vectors
containing mRNA of hDAT (NCBI ID: NM_001044.5) CDS
fragment in plasmid were transfected into the cell by
Attractane Transfection Reagent (Qiagen, Hilden, Germany),

introduced with 2 μg mL−1 puromycin to maintain the
expression.
Quantitative Real-Time PCR. Quantitative real-time PCR

was utilized to confirm the high expression of hDAT in the
transfected cell lines. Total RNA was isolated using RNA Easy
Fast Cell Kit (Tiangen Biotech, Beijing, China), and cDNA
synthesis was processed by OneStep RT-PCR Kit (Qiagen,
Hilden, Germany). Quantitative PCR was performed by
LightCycler 480 system (Roche, Basel, Switzerland), with the
reagent of TB Green Premix EX Taq II (TaKaRa Bio Inc,
Shiga, Japan). The amplification of target cDNA was
normalized to GAPDH expression. Relative levels of target
mRNA expression were calculated using the standard curve
method. The sequences of primer pairs are described below:
hDAT:
5′ GTCTGTTTGGATTGACGCGG 3′ (forward)
3′ GTGACAATCGCGTCCCTGTA 5′ (reverse)
GAPDH:
5′ TGTGGGCATCAATGGATTTGG 3′ (forward)
3′ ACACCATGTATTCCGGGTCAAT 5′ (reverse)
Transport Inhibition Assays. The compound of

nomifensine and Z1078601926 were purchased from Top-
science, Shanghai. All of the reuptake inhibitory activity against
DA was measured by Neurotransmitter Transporter Uptake
Assay Kit (Molecular Devices, Sunnyvale, California), which
contains a novel proprietary fluorescent indicator dye that
mimics dopamine and is actively transported into the cells via
the dopamine transporters, resulting in increased intracellular
fluorescence intensity, which refers to the efficiency of
dopamine reuptake.27 The transfected cells were incubated in
the respective concentration of compounds dissolved in HBSS-
0.1% BSA buffer in a 96-well plate for 30 min. After that, a dye
solution was introduced and immediately the fluorescence
intensity was kinetically read by SpectraMax i3x (Molecular
Devices, Sunnyvale, California) for 30 min. By removing the
background fluorescence of the solution in an assay, raw data
of detected RFU was reduced by the mean of area under the
curve in SoftMax Pro 7 and IC50 (mean, [95% confidence
interval of standard deviation, n = 3]) was calculated by four-
logistic parameter fit in GraphPad Prism 9. All of the assays
were implemented with three replicates.
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